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The work presented is the investigation of the effect of 
phosphoric acid on the compaction and shear characteristics of pure 
kaolin. Pure Georgia kaolin clay average particle size of five 
microns was mixed with different percentages of phosphoric acid. 
These mixtures were permitted to react for varying periods of time. 
The results of the study indicate a notable and gradual increase in 
dry density of the kaolin with increasing percentages,6f}phosphottc 
acid admixture. The acid admixture ranges from one up to nine per­
cent of the dry weight of the clay. Increase in cohesion of the 
clay with increase of the percentage of phosphoric acid admixture 
was observed when the triaxial test for shear failure of the clay 
was performed with up to nine percent of the acid admixture. The 
results obtained after two days and seven days curing show the 
increase in strength of the clay with increased time of curing. It 
is concluded that the phosphoric acid admixture increases the com­
paction and shear strength of the clay, also the phosphate fixation 
takes place in the clay mineral, probably a matter of sorption of 
phosphate ion by anion exchange with the portion that is fixed 
being adsorbed in relatively inaccessible position in the clay 
mineral structure, giving rise to the phenomenon of deflocculation. 
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I • INTRODUCTION 
Soil stabilization with chemical admixtures has become of 
great importance in recent years. The tremendous increase in 
vehicles and vehicle-miles has brought about a need for more highways 
and the ever increasing truck traffic has created a need for more 
stable roads. At the present stage of a period of history, that is 
moving torrentially, the necessity of economical construction for 
highways, airports, foundations of heavy structures, etc. , through 
the modern development of technology and progress of science, has 
given challenging opportunities for the use of chemical admixtures as 
effective chemical ingredients for the soil stabilization. With the 
available supply of high quality soil for base construction rapidly 
diminishing in many areas, the civil engineer, particularly the 
highway engineer, is confronted with the problem of transporting 
suitable soils to the area of construction, or artifically producing 
a high quality soil by mixing the available on site soil with a 
chemical admixture. 
To increase the bearing capacity of soil, in many areas, the 
use of soil stabilizers sometimes called solidifiers has been wide­
spread in recent years. Stabilization has proven its worth, but a 
problem which remains at many places is the type, quality and quan­
tity of admixture necessary to transform the unsuitable soil into a 
load-supporting base material. This investigation of the use of 
phosphoric acid as an economical, though effective chemical 
stabilizer unfolds a new avenue of great possibility in the area of 
soil stabilization with many questions yet to be answered. 
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Phosphoric acid as a cold-setting binder for metal oxides and 
ceramics has been frequently described, yet only recently has it been 
considered as a soil stabilizer. Also students of soils have known 
for a long time that some of the phosphates added to the soils in 
fertilizers are frequently converted to an insoluble form and fixed 
in the soil (1) . 
The successful use of acidic phosphorous compounds as aids 
to asphalt stabilization of soil at Massachusetts Institute of 
Technology (2) (17) , prompted a study of phosphoric acid as a 
primary stabilizing system. Results indicated that phosphoric acid 
can be an effective stabilizer of fine grained soils at concentration 
between two and ten percent on dry weight of soil. Effectiveness 
of phosphoric acid as a stabilizer is very much dependent on molding 
water content. The results of an unpublished work in the same 
alignment of research, conducted by Paquette and McGee (3) , indi­
cate that phosphoric acid slightly increased dry density in all 
different soils used in their investigation. It also caused a 
slight increase in strength in all soils. Their work, however, was 
confined to up to two percent additive of phosphoric acid to the dry 
weight of the soil. Both the above mentioned investigators at 
different institutions propose to conclude concerning the unique 
properties of phosphoric acid as a stabilizer that the effect of 
increasing strength may be due to an interparticle cementation re­
sulting from partial solubilization of silica and or alumina, 
(1) ,  (2) ,  (17) , (3) ; all references in bibliography 
9 
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followed by the formation of insoluble silica or alumino phosphate 
at points of particle contact. Also from this work it is concluded 
that phosphoric acid as a chemical additive holds considerable 
promise in soil stabilization practice, offering opportunities for 
broader and more use of it as an effective stabilizer for economical 
highways and other related fields of soil engineering construction. 
The investigation presented in this thesis is confined to 
the effect-. of phosphoric acid on the compaction and shear 
characteristics of pure Georgia kaolin clay. The admixture of acid 
with the clay, ranges from one up to nine percent, of the dry weight 
of the clay in two percent increments. 
II. REVIEW OF LITERATURE 
Ao PHOSPHATE FIXATION 
The process or mechanism by which soluble phosphates are 
fixed in the soil and the factors influencing the process have been 
subjects of many investigators. It has been rather widely accepted 
that the components of clay fraction and the iron and aluminium of 
the soil solution are chiefly responsible for fixation in acid 
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soils. Ravikovitch (4) concluded that phosphate was sorbed as a 
result of equivalent ionic exchange with other anions of the soil 
complex �nd could be released from the sorbed condition by anion 
exchange. Scarseth (4) proposed that phosphate ions replaced 
hydroxyl ions from the exposed aluminum groups of the aluminosilicate 
complex of electrodialized bentonite at pH 6. Stout (5) concluded 
that "fixation" constituted a simple ionic exchange of phosphate 
for hydroxyl ions in the crystal lattice of these minerals. He 
also concluded that the process of exchange was reversible. Subse­
quently investigation by Black (6) and by Kelley and Midgley (7) 
largely confirmed the findings of Stout; however, each of these 
investigators emphasized the importance of free aluminum and iron 
oxides in the 11 fixation" process. Coleman (4) attributed the 
sorption of phosphate by both kaolinitic and montmorillonitic clays 
to the free hydrous oxides of iron and aluminum, which had been 
incompletely removed in the isolation of these minerals, by a process 





B. PHYSICO-CHEMICAL PROPERTIES OF SOILS 
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Ion exchange is of great importance in all the applied arts 
where clay materials are used, or where the properties of clay 
materials are important, because the physical properties of clay 
materials are frequently dependent to a large extent on the ex­
changeable ions carried by the clay. For example, in general the 
plastic properties of a clay or soil will be very different de­




is the exchangeable cation. The 
ceramist, therefore, can change the plastic properties of many clays 
to meet his needs by carrying out base-exchange reaction. Sometimes 
the construction engineer inadvertently causes an ion exchange re­
action, by a shift of water table, emplacement of a mass of concrete, 
etc. , with an unexpected change in the properties of the soil. If 
the changes in the plastic, compaction, and shrinkage properties 
resulting from such exchange reactions are not foreseen, the con­
sequences may be disastrous (1). 
In its usual connotation, cation exchange in soils refers to 
the process in which some cation of the soil exchanges with a cation 
of a solution. Usually the reference is to the change which the 
soil undergoes, but the solution always undergoes a reciprocal 
change. The solution loses cations to the soil and gains an equiva­
lent amount of cations from:the soil. As with all chemical processes, 
cation exchange must be stoichiometric, but:,soi1s connnonly contain 
soluble substances as well as exchangeable cations (8). For this 
reason it is not always easy to distinguish the exchange process 
from solution process. 
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The property of exchanging cations with solutions is by no 
means confined to soils. Many other substances have similar property 
for example, soaps, proteins, certain resins, and many other or­
ganic substances. Cation exchange is directly involved in geo­
logical processes, particularly in the weathering of rocks and 
minerals, and industrial uses for the exchange of process are 
multiplying rapidly. Ion exchange (both cation and anion) is an 
important aspect of surface chemistry (8). The principles governing 
the process seem to be similar with all kinds of material. 
Progress on elucidating the force component of the structure 
of clay particles has been made only in recent years, primarily be­
cause the underlying sciences - colloid chemistry and crystal 
chemistry - are relatively young. The importance of the arrangement 
of soil particles, however, was recognized many years ago. Judd 
Hvorslev, postulated the effect of one dimensional compression on 
the alignment of clay platelets. The experimental data have shown 
Hvorslev's hyphotheses were correct (9). 
Understanding the phenomena of different electrical forces 
acting between the soil particles and the colloidal behavior of 
clay fractions helps to recognize the importance of those factors 
which are influencing the aggregation and dispersion of soil 
particles in a clay system. The nature and influence of water in 
clay discussed with the above factors in the following paragraphs 
also helps to show their controlling effects on the behavior of 
clay. The physico-chemical properties of soil referred herein are 
inferred from the principles of colloid chemistry and crystal 
chemistry. 
1. ELECTRICAL FORCES 
Many groups of scientists, especially colloid chemists and 
crystal chemists, having given much thought to the electrical forces 
acting between the atoms. These forces fall into three categories; 
primary valence bonds, hydrogen bonds, and secondary valence 
forces (9) • 
Primary valence bonds, which are the strongest, hold atoms 
together in the basic mineral units. The three most important bonds 
to the soil mineralogist are the ionic (an exchange of electrons by 
the linked atoms) , the covalent (sharing of the electrons by the 
linked atoms) , and heterpolar (in effect, part ionic and part 
covalent, because it results from an unequal sharing of the elec­
trons by the linked atoms). Some crystal chemists do not recognize 
the heterpolar bonds as a separate type but merely a mixture of 
ionic and covalent bonds. The bonds linking silicon and oxygen 
atoms in the silicate minerals are heterpolar, that is 50% ionic and 
50% covalent. Since the ionic and heterpolar bonds bring about 
atomic groups that are not electrically synnnetrical, they act like 
magnets. _ This electrical nature of the soil minerals is the most 
important, for the clay structure of the stabilized soil. 
The hydrogen bond occurs when an atom of hydrogen is strongly 
attracted by two other atoms; hydrogen bonds are only important 
when oxygen, nitrogen, or fluorine atoms are present (9) . The best 
example of the hydrogen bond is the linkage between the water 
molecules. Attracted to the hydrogen atoms in neighboring water 
molecules, each hydrogen atom links its water molecules to others. 
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The hydrogen bond is considerably weaker than primary valence bonds. 
It operates not only in water but also in other areas of interest to 
the soil engineer. It is the main linkage between the basic units 
of certain minerals, the most important of which is kaolinite. 
The primary valence and hydrogen bonds are both too strong 
to be broken by the stresses an engineer would normally apply to the 
soil system. This is not true, however, of the secondary valence 
forces, which are much weaker than the other two. Another difference 
between the secondary valence forces and the other two types is the 
fact that secondary valence forces can act over relatively large 
distances. 
The secondary valence forces (also called van derWa:a.I� 
forces) between units of matter arises from electrical moments 
existing within the units. They are quite similar to those acting 
between two short bar magnets. In certain relative positions the 
magnets repe 1 each other and in others, they at1.:tra:ct.. Because there 
are more attractive positions than there repulsive positions, the 
net effect is attraction. In a similar fashion the net effect of 
the secondary valence forces is attraction. 
Because of the nonsymmetrical distribution of the electrons 
in the silicate crystals (arising from the heterpolar bonds), these 
crystals act as a large number of dipoles. They can attract other 
dipoles, the most important being water. The nonsynnnetrical con­
figuration of the water molecule makes it dipolar. 
The water molecule is a permanent dipole because its polar 
nature arises from the position of the atoms in the molecule. Other 
kinds of dipoles are induced and statistical. When a normally 
synnnetrical molecule is placed in an electrical field it becomes 
polar. The electrical field can cause a nonpolar unit to become an 
induced dipole. 
Because the electrons in an atom .. are not stationary but 
vibrating, they periodically assume unsymmetrical positions. 
Symmetrical molecules periodically become polar, that is, statis­
tical dipoles. 
These secondary valence forces are of vital concern to the 
soil engineer, because they contribute to clay strength and cause 
soils to hold water. 
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Another type of primary valence linkage that must be con­
sidered is the electrostatic attraction or repulsion of electrically 
charged units of matter. The negatively charged soil particle 
attracts cations, cations and anions attract each other, cations 
repel each other, and anions repel each other. These electrostatic 
forces are similar to primary valence bonds in that they involve 
units with net electrical charges. They can, however, act over 
much larger distances than can ionic bonds. 
As a resume, therefore, the main importance to the soil 
engineer of primary valence and hydrogen bonds is that they are the 
seat of electrical forces. Of much concern to the engineer are 
secondary valence and electostatic forces, because they are greatly 
influenced by applied stresses and by changes in the nature of the 
soil-water system. 
2. COLLOID STABILITY 
Electrical forces of the types previously described act 
between all adjacent soil particles. They become important only 
when they are large in comparison to the forces related to mass. 
Because the electrical forces act only near the particle surface, 
and since many of them result from discontinuities at or near the 
particle surface, they are significant when surface area per mass, 
that is, specific surface is high. When a particle has a specific 
surface large enough to cause the ele.ctrical forces to dominate the 
mass forces, it is termed as colloid. The approximate size of 
colloids is one micron to one millimicron (10 Angstrom). Clay-size 
soil particles are thus usually in the colloidal range. 
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Colloidal particles when suspended in the water are charged, 
and are surrounded by a water shell. The molecules of water within 
this shell are rigidly held by the particles and have a different 
character and properties from those in the remainder of the dis­
persion medium. The water may also contain �ations and anions which 
play an important part in determining the behavior of the colloid 
suspension. Because .of the intimacy of the association of the solid 
particle with its hydrosphere, it is convenient to regard these 
colloid micelles, as the basic units in colloid solution. In 
crystalline structure of clays the essential components are larger 
anions (negative-charged ions) of oxygen and hydroxyl units held 
together by much smaller cations (positive-charged ions). 
A cleavage section of kaolinite crystal, Figure 1, will be 
along basal plane, exposing layers of hydroxyl and oxygen units, 
:18 








although only weak bonds are broken in the process. Fracture across 
the plate of these layer minerals, however, breaks valence bonds 
between the cationic and anionic components. As the negatively 
charged ions are very much larger than the positively charged ones, 
the former predominate in the external layer. The net result of this, 
and the fact that the hydroxyl units themselves are also adsorbed, 
is that the_ surface of the clay particles, and related minerals is 
negatively charged when suspended in a water medium. Consequently, 
it will attract cations and as a dire�t result the surrounding 
regions of the water medium in the innnediate vicinity of the 
particles will be rich in positively charged ions which counter 
balance the surface charge and maintain electrical neutrality. 
Helmholtz was the first who recognized this important principle, and 
he postulated that a rigid double layer was formed in close proxi-
mity to the clay surface, as illustrated in Figure 2. Helmholtz's 
theory was a logical deduction, however, there were many short 
comings in the concept of a rigid monomolecular layer associated 




















Figure l Gouy-Freundlich 
Double Layer 
Gouy and Freundlich {10) suggested that the layer of cations 
was not so ·sharply defined in thickness as Helmholtz supposed and 
introduced the diffuse double layer theory. They maintain that the 
double layer is not limited to the layers of the hydrated shell in 
the intimate contact with the surface, but extends some distance 
into the liquid medium. In other words, the counter ions in the 
liquid are not strictly held in close contact with the surface but 
diffused throughout a definite volume of the liquid medium as .; 
shown in Figure 3. Gouy considers th�t the cationic distribution 
falls off exponentially as the distance from the surface increased. 
Thus a type of atmosphere is set up around the surface. 
In the particular case of a clay suspended in water this 
ionic concentration gives rise to a secondary effect which limits 
the close approach of the cation to the surface of the particles and 
gives rise to the diffuse double layer. As a result of the intense 
electrical forces in the vicinity of the surface the molecules of 
the suspension medium are themselves oriented giving rise to the 
layer of rigidly held liquid. As the distance from the surface is 
increased, the degree of orientation of the molecules of the sus­
pension medium decreases at the same rate as the concentration of 
the counter cations. The variation in these properties is a function 
of the surface and the type and concentration of the ions in the 
so lutiou. 
The general character of the process may be stated if we re­
gard the diffuse layer of positive charge surrounding the nega­
tively charged particles as a screen or shield surrounding them so 
that the normal force of the repulsion between them is reduced. The 
efficiency of this screening process will depend upon the distri­
bution of cations in the diffuse layer of positive charge, and this 
will in turn depend upon the properties of the ions themselves. 
Divalent ions are more strongly attracted towards the negative sur­
face than monovalent and therefore form a thinner layer with a 
higher local density of charge: this has a more effective screening 
action so that the forces of repulsion between the negative charges 
are less effective even when the particles are close together. Re­
placement of divalent by monovalent ions reduces the effectiveness 
of the screen so that the particles repel each other over greater 
distances (11). 
Freundlich has investigated the electrokinetic laws which 
govern the variation in·charge density at points extending outwards 
from the surface of charged particles and his conclusions are shown 
in Figure 4 figuratively and graphicaljy, in which the charges on 
the surface is regarded as 20e represented numerically by the point 
A on the ordinate with Oas the point of zero charge. Distance from 
the surface layer are represented along abcissa. The influence of 
the charged surface falls rapidly with separation distance to a zero 
point which represent the condition of charge in the suspension 
medium entirely removed from the influence of the surface. Two of 
the ways in which the potential drop may take place as in Figure 4b. 
In the first, the concentration of ions of opposite charge to the 
surface which are held in the layer of rigidly held water, is not 
sufficient to neutralize the charge which progressively falls to zero 
(A) 
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in the free water zone. In the second case, the ionic concentration 
in the oriented water layer is such that a reversal of charge takes 
place, but once again, there is a progressive decrease in the charge 
at distances outward from the surface. The edge C -D of the rigidly 
held water may be regarded as one of an imaginary condenser, the 
other being the point in the liquid where the charge has fallen to 
zero. WhereasJ Helmholtz imagined that this imaginary condenser was 
virtually a monomolecular layer thick, Gouy-Freundlich conception is 
a diffuse layer extending away from t�e surface. The electrokinetic 
potential of the II condenser" or the zeta potential t , as is shown 
may be expressed simply the relation derived by Muller and 
Abramson ( 10) • 
= 4 7T e 
D 
d 
where e is the surface density of charge, d is the thickness 
of the layer, and D is the dielectric constant of the medium. 
01-f l-1
+ 




_, 01i IJ .. 
OJ.I- 1-1• 
oli � ... 
o,.r 1-l+ 
Figure 5, The diffuse double layer when hydrogen 
is the counter-balancing cation 
The zeta potential is a measure of the magnitude and extent 
of the forces arising as a result of the electrical charges on a 
particle. The surface density of charge e is a function of the 
type of surface and the ions which are present in the solution. 
Each colloidal micelle in a suspension will be surrounded by 
a hydrated shell and provided that the solid particles are of one 
type, each particle will have a charge of the same sign. Conse­
quently, repulsive forces will be set up between all suspended 
particles, the magnitude and extent o_f which will depend on the zeta 
potential. It is not surprising therefore, that many of the 
features of colloidal suspensions can be related to this value. 
In the simplest case of a clay suspended in a pure water, 
negative hydroxyl ions will be adsorbed on the surface and the 
counter ions are the hydrogen ions H
+ 
which make up the diffuse 
double layer represented in Figure 5. As hydrogen ions are small, 
there can.be little hydration, and few oriented water molecules 
to form a rigid layer. Conditions are favorable for the close 
approach to the surface of sufficient hydrogen ions to neutralize 
the charge; hence in a hydrogen clay suspended in pure water the 
hydrosphere surrounding the colloidal particles is small. In 
addition, the dielectric constant of pure water is relatively high, 
so that the zeta potential is low. In such a system the repulsive 
forces between the particles ate very limited in extent, and in­
dividual particles can approach closely to each other without being 
repulsed. If the conditions in a colloidal sys·tem are such that the 
repulsive forces between the micelles operate at only small 
separation distances, the particles may approach one another so 
c losely that van der Waals attraction forces become effective and 
cause aggregation and complete precipitation, i.e., flocculation. 
The term floccu lation imp lies the gathering of the particles 
into 'flocks' which sett le rapid ly, leaving a c lear liquid. De-
floccu lation is the reverse phenomenon, i.e., the dispersion of the 
aggregation into small partic les which remain in permanent suspension. 
In c lay materials the commonest exchangeab le cations are ca-++, 
Mg-f+, I&, l(i-, NH!, Na+, frequently in order of the general re lative 





• The genera l relative abundance of the anions is not yet 
known. 
When other anions are introduced into colloidal system, there 
wi ll be a tendency for them to be adsorbed by the c lay partic les pro-
vided they are in excess. Particles which are capable of negative 
adsorption,p�eferenttal"}yfelect different anions according to the 
Hofmeister series: 
> CNS !- > I l- > Br l- > C l l- :::>- NO l- >Fl-> so2-3 4 
However, the ionic exchange is· an equilibrium process which 
may be·· represented quite general ly as: 
(Clay - A) + B (Clay -B) + A  
Where A and B,are two different anions. Thus, if B is in 
excess the reaction will proceed to the right and anion will replace, 
although the amount of replacement wil l be determined by the position 
of the anions in the Hofmeister series and its concentration. 
Under certain conditions, therefore, other anions may pre­
ferentially replace hydroxyl units on the surface of clay particles. 
The effect of such replacements depends on the ionic size and the 
valence of the ion. If the dimensions of the anions are large, a 
relatively small number will be able to surround the particle. 
Consequently e (i.e., the charge on the particle) will be reduced, 
the number of counter-cations which are able to approach the surface 
will be less, hence, d, will also be reduced in the equation for 
zeta potential. Although the dielect_ric constant D may be reduced 
also, the usual effect of adding an anion in the form of an acidic 
radicle to a clay suspension is to reduce the zeta potential and in­
crease the rate and amount of flocculation. However, the increased 
charge density due to adsorbed polyvalent ion predominates the other 
factors and deflocculation of the particles may take place. 
By virtue of their negative surface charge, clay particles 
have the capacity to attract and adsorb positively charged ions 
(cations) from the surrounding suspension. These cations are not 
firmly held and under certain conditions they can readily be 
substituted by others. This property is known as the base exchange 
capacity of the clay. The cation exchange capacity of clays is known 
to have a pronounced influence on their properties. 
The addition of cations to a colloidal clay suspended in water 
has a pronounced and important effect. Most cations are larger and 
more readily hydrated than hydrogen ions, therefore, if they are the 
counter ions in the clay micelle, the hydrated layer will be larger 
and the diffuse double layer increased as consequence. The surface 
layer of the particles are capable of attracting a certain charge, 
hence it follows that more monovalent cations can be influenced than 
divalent ones, which in turn will be more numerous than trivalent 
cations. Also, the larger the cation and the greater its degree of 
hydration the more molecules of suspension medium are liked to be in­
fluenced and oriented; hence the more extensive will be the diffuse 
layer and the repulsive force� which is exerted by a particle on the 
other particle in the innnediate vicinity will be increased and will 
operate and be effective through a much greater distance. 
The tendency of the different_�ations to be adsorbed is again 
predicted by a Hofmeister series. In general the greater the charge 
and higher the atomic weight of the cations, the more readily it will 
be adsorbed, although hydrogen ion H+ takes preference over all 
others. The series is: 
H
+ > Al 3+ > Ba 2+ > Sr 2+ > Ca 2+ > Mgz+ > NH: > K+ > Na+ -
- > Li+ 
Therefore, cations .. which would be valuable in:- increasing the 
zeta potential and the degree of dispersion in a colloidal system 
are less readily adsorbed-: into the hydrosphere of the micelle. 
Secondary valence.attractive forces also act between particles. 
Combining the repulsive and attractive potential expressions, 
chemists have developed equations relating the total potential 
energy to interparticle spacing for both spherical and plate 
colloids. These equations show that if the potential energy is re­
duced when adjacent particles approach each other, they will so 
approach, and "flocculate", that is, form aggregates. If the energy 
of the system increases when the particles approach each other, they 
will move apart, or disperse, that is, "deflocculate" . Changes in 
the variables of the colloidal system can cause aggregation or 
dispersion. 
Among the variables in a soil -water system that effect colloidal 
stability are: (a) electro lyte concentration ; (b) ion valence; 
(c) dielectric constant; (d) temperature ; (e) size of hydrated ion; 
(f) pH ; and (g) anion adsorption . 
The Gouy-Freundlich theory states, in general terms, that a 
tendency toward flocculation is usually caused by increasing 
electrolyte concentration, ion valence, and temperature ; and de­
creasing dielectric constant, size of hydrated ion, pH and anion 
adsorption . 
The influence of the first four variables follow from the 
Gouy-Freundlich theory of the diffuse layer, as a decrease in the 
double layer thickness reduces the electrical repulsion, which in 
turn causes a tendency towards flocculation. · The smaller an ion 
plus its "she 11" of hydration water, the closer it can approach the 
colloidal surface - thus the smaller the hydrated ion, the smaller 
the double layer, and more likely is flocculation. 
The pH of the pore fluid affects the net negative charge on 
the soil particle by altering the extent of dissociation of OH- groups 
on the edges of the particle. High pH encourages the dissociation 
and increases the net charge, thus expanding the double layer, low pH 
does reverse. Lowering the pH, therefore, tends to cause flocculation 
and raising it tends to cause dispersion. The adsorption of anions, 
especially polyvalent anions , increases the charge on the particles 
and thereby tends to cause dispersion, that is , deflocculation. 
3 • NATURE OF WATER IN CLAY 
The influence of water on the behavior of clay is tremendous. 
Karl Terazagi {9) pointed out the importance of water in clay in his 
early work and nearly every investiga tor since has confirmed it. Of 
concern to soil s tabilization is the amount of water ; the nature of 
wa ter (how s trongly held by the soil � elec trolyte type and concen-
tration) ; and the stress in the water.· 
Water is held to a clay particle by a force that decreases in 
magnitude as the distance -<from the particle surface increases. ·A 
rough approximation of the attractive force between the soil and 
water as a function of distance is given by the electrical 
potential-dis tance plot , shown in Figure 6. · All of the water in the 
double layer is attracted to the soil par ticle. The force distance 
plo t is a smooth curve with no sharp discontinuities. Applying 
intergranular stress to adjacent colloids reduces the spacing of 
the colloids and double layers are reduced. 
The soil -water attractive forces consists basically of two 
components, namely: 
1. At traction of the dipolar water to the electrically 
charged soil ; and, 
2. At traction of the dipolar wa ter to the cations in the 
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The mineral crystal carries net electrical charges, resulting 
from isomorphous substitution, and also local charges, resulting 
from the heterpolar bonds holding the mineral atoms together, and 
from local discontinuities. Anion adsorption also contributes to 
the charge of the crystal. The water very near the soil is strongly 
held by these electrical charges on the soil. The water anywhere 
in the double layer is attracted by an induction type of force since 
the entire double layer is an electrical field. 
Further away from the colloidal surface, the cations become 
fewer, Figure6b� and the soil cation linkage weaker. The force thus 
holding the cation hydration water to the soil is related to the 
potential in the double layer. 
On the basis of the relative magnitude of the forces between 
water and soil, the water in a clay can be more or less arbitrarily 
divided into three types - adsorbed water, double layer water and 
free water. Within the crystal lattices of some minerals exist OH­
groups. If these minerals are heated to 600 or 700° C, these OH­
groups undergo condensation polymerization, which reaction produces 
water. Because of the OH- groups, sometimes called "structural 
water" do not exist as water in the minerals, which we do not con­
sider here as "water". The adsorbed water is that which is strongly 
held by the soil, the double layer water is all the water attracted 
to the soil at all. Adsorbed water, is therefore the innermost 
part of the double layer water. Although this classification of 
water is accepted by some, many others use "adsorbed'' to describe 
all the double layer water (9). 
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In Figure 7 are shown , to scaleJ, ;  extremes of the most common 
plast ic so il minerals , namely , kaolinite and montmor illonite. 
F igure 8 shows approx imately the extent of adsorbed and double layer 
water on these part icles when they a re isolated and have free excess 
to the wate r . (Each is to the scale with its dimensions given.) 
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The scale in F igure 8-a is d ifferent from that in F igure 8-b. Figure 
8 gives some idea of the amounts of t ightly and l0ase]� held water 
around , the_ so il part icles. 
Lambe (9) shows that the stro.ngly held water is only a few 
molecules th ick , of the order of lOA
0
• The force requ ired to pull , 
th is adsorbed water off · the · mineral surface is prod ig ious varying 
from 100 atmosphere for the outside water molecules to 10 , 000  
atmospheres for the closest molecules. As charge density on the 
kaolinite is approximately tw ice that of montmor illionite , there is 
a thicker layer of adsorbed water on kaol inite. The amount of 
adsorbed water expressed as . percentage of m ineral we ight , is , how­
eve r , much greater on mon_tmorillonite as its specific surface is 
greater . 
The adsorbed layer is approx imately the same thickness as 
the stern layer in the Gouy-Freundl ich colloid theory . The concen­
tration of exchangeable ions in th is layer is very h igh , approxi­
mately 7 0% of the divalent exchangeable ions . and 40% of the mono­
valent ions . 
As with the adsorbed water , the double layer water is thicker 
on kaolinite than on montmorillonite because of the h igher - charge 
dens ity on kaol inite . The d imensions given in Figure 8 indicate that 
essentially all of the pore water in the clay under normal field 
conditions is within the double layer. 
It is important to realize that the attractive forces in the 
double layer are forces required to pull water away from the soil. 
The force required to move water parallel to the sides of a soil 
particle is  much le ss  than the force required to remove, without re ­
placement, the double layer water._ When water flows through clay 
all but the adsorbed water moves, for example. This fact has led to 
the concept of double layer water a s .  a "two dimensional liquid" . 
Another concept useful to the soil engineer is that of "mushy' 
particle for the soil plus its water. The thickne ss of water film 
obviously depends to a tremendous extent on the system 
characteristics and the intergranular pressure and time. The 
movement of water neares-t the surface of the particle takes con­
siderable time since it is a diffuse process. 
Because the double layer water is electrically attracted to 
the soil particle, its behavior is unlike that of free water. Many 
have po stulated that the density, viscosity, and other characteristics 
are different for normal water. 
As said above, water ha s an important effect on the properties 
of clay. However, in the average natural clay that the engineer 
encounters, essentially all of the water is within the double layer. 
The e�gineering behavior of a given clay thus is determined 
by the structure which the - clay -has at the time the behavior is 
measured. This final structure depends on both the initial struc­
ture and on the changes that have occurred to the initial structure. 
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Any change in the soil-water system that expands the double 
layer tends to decrease soil strength (at a given void ratio), be -
c ause interference by the double layers of two adjacent colloids in-
creases interparticle repulsion. This concept lead s to the pre -
diction that any of the following changes would generally reduce the 
shear strength of the clay: 
a. Reduction of electrolyte concentration 




c. Adsorption of anions (phosphate) 
d. Exchange from a cation of small hydrated radius to 





e. Increase of dielectric constant of pore fluid 
f. Increase of pH of pore fluid 
g. Decrease of temperature, and 
h. Increase in water content. 
C .  SHEAR STRENGTH OF COMPACTED CLAY 
The shear strength of a soil can be thought of as made up of 
a granular-type strength plus a colloidal-type strength . The 
strength of a clean sand, for example, would be of granular type 
and that of a plastic clay of the colloidal type. A soil of both 
colloids and granular particles have both types of strength. As the 
clay used in this experiment was plastic, the main point of interest 
shall be in colloid type strength. 
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The first step in a study of the shear strength of two adjacent 
colloids, is to consider the entire force system (9).  There are 
four horizontal forces, (if unit area is assumed, force and stress 
can be used interchangeably) which can act between the adjacent 
colloids as shown in Figure 9, which are: {1) 6" = the externally 
applied intergranular stress; (2) A= the electrical attraction; 
{3) R = the electrical repulsion; and (4) I= the steric or geometric 
interaction, that is, contact pressure. 
The intergranular stress, also called the effective stress, 
is derived from some other sources than electrical stresses 
originating within the particles. It is usually the most funda-
mental stress the soil engineer can measure or compute. 
The stress A is derived primarily from van der Waals forces. 
0 
It can act over large distances of more than 100 A .  There can be 
other components in A, for example, the electrostatic attraction 
occurring in non-salt flocculation. 
The stress R arises primarily from the electrostatic 
repulsion between clay particles, which carry net negative charges. 
R is very sensitive to the nature of the soil water system. Changes 
in R bring about changes in the degree of flocculation or dispersion 
of colloids. 
The contact pressure I, like R, is a repulsive stress. It 
acts, only, of course, when the adjacent particles are in contact. 
The contact can be either between mineral surfaces or between molecules 
of tightly held water. The stress I is electrical in nature, but 
can be caused by forces originating either within the particles or 
outside of them. 
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Equilibrium conditions require (a) for the dispersed particles, 
o + A = R; and (b) for particles in contact 6"" + A = R + I. 
The shear strength of a clay is completely determined by the 
electrical forces acting between the particles, that is, A, R, and 
I. The electrical forces are thus the primary cause of strength. 
The four factors, particle spacing, particle orientation, externally 
applied stress and characteristics of soil -water system, which deter -
mine the electrical forces are secondary causes o f  shear strength. 
These foue causes are examined as fo1 lows: 
a. ELECTRICAL FORCES 
The electrical forces between clay plates are a function of 
particle displacement in a direction parallel to the particles, as 
well as a function o f  displacement perpendicular to the particles. 
The greater A and I, the greater is the shear strength: the greater 
R, the lower the shear strength. 
b. SPACING OF THE PARTICLES 
The closer two clay particles, the greater are all o f  the 
electrical forces. If two clay particles are spaced some distance 
apart {that is, where I =  0), the ef fect of a reduction in spacing 
on the shear strength wou ld depend upon whether the net increase in 
the attraction is negative or positive. Close interparticle 
spacings · res ults in an increase in I. This increases the shear 
strength. Because increasing the externally applied intergranular 
pressure reduces the spacing, it increases the shear strength. 
This reasoning supports the well known fact in soil engineering that , 
other things being equal, the denser the soil (closer the average 
particle spacing), the greater the shear strength. 
c. ORIEN TATION OF PARTICLES 
For given average particle spacing {given void ratio) ,  the 
more nearly parallel the adjacent particles are, the weaker the 
soil. Figure lOa and lOb show two adjacent particles of colloids 
with the same average spacing � • . The total of I plus net 
electrical attractive force between the adjacent p articles is 
greater in Figure lOb than in Figure lOa. Therefore , the shear 
stress required to slide the particles rela£i:ve ;.: ,to �.each.. , otheriis 
greater for the situation pictured in Figure lOb than for that in 
Figure l Oa. Since the sum of I and the net attractive force be tween 
the particles varies inversely with a power function of spacing , 
tilting the two particles in Figure l Oa to the position in Figure 
lOb resulting in a greater increase of I plus net attractive force 
on the right side of the particles that is lost on the left side. 
The foregoing examination of forces and strength treated only 
particles that are parallel or approximately parallel. This is the 
most common arrangement of adjacent soil colloids since it is the 
one which exists among dispersed particles or particles which have 
been flocculated with salt type of flocculation. If two particles 
are perpendicular to each other as happens in non-salt flocculation 
Figure l Oc ,  they resist displacement more than do the same two 
particles with the same average spacing but parallel as shown in 
Figure lOd with non -salt flocculation edge-to -face electrical 
attraction is an additional component. 
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When a sufficiently large shear stress is applied to system 
in Figure l Oc it rotates the particles in such a way that the orien­
tation tends to be parallel. 
The effects of particle orientation can be sununarized as 
follows : For any given void ratio and, therefore, given average 
particle spacing, the more nearly parallel the particles are, the 
weaker the soil is. 
d .  CHARACTERISTIC OF SOIL WATER SYSTEM 
The effects which the variables in the soil water system 
have on the electrical forces between the particles can be stated 
as the larger the repulsive electrical forces between the particles 
the more deflocculated the resulting soil. Any expansion of the 
double layer increases the electrical repulsive force between ad­
jacent particles. Repulsion curtails the flocculation and de­
flocculation curtails the friction component of the shear strength 
of the soil. 
III . MATERIALS USED 
The clay chosen for this study was .... Georgia Kaolin (¢fallm:fr . 
ceramic #2) obtained from the Ceramic Engineering Department of 
the Missouri School of Mines and Metallurgy. The typical physical 
properties of the clay are as follows: 
41 
The specific gravity of the clay was determined in accordance 
with the Standard Method of Test for Specific Gravity of soils, ASTM 
Designation : 0854-52 (12), and was �pund to be equal to 2. 60. 
The liquid limit test conducted in accordance with the Tenta­
tive Method of test for liquid limit of soils, ASTM Designation : 
D423 -53 T  (13 )  and was found to be equal to 64%. 
The plastic limit was determined in accordance with the 
Tentative Method of Test for Plastic Limit and Plastic Index of 
Soils, ASTM Design�tion : D424-54T (14) and was found to be 3 8%. 
Plasticity Index = 64% - 3 8% = 2 6%. 
Particle size distribution of Georgia kaolin is shown as per 
Figure 11 (15). The chemical analysis of the clay is as per shown 
in Table 1 ( 15), (23) . 
For nature of clay in chemical and colloidal analysis of the 
Georgia Kaolin, Mitchell and Henry (16) describe as follows: "The 
chemical analysis of the clays investigated show that all clays re­
garded as kaolins are rich in alumina and are deficient in silica 
even beyond the kaolinitic ratio. This would indicate that a 
mineral of the kaolinite group stable in the presence of excess 
alumina, was formed under the conditions which have existed since 
deposition. The low content of iron oxide and magnesia is consistent 
with a conclusion that montmorillonite is not present to a great 
extent, · if at all, in the connnercially mined kaolins." 
"On the basis of the evidence, kaolinite is shown to  be the 
principal constituent of a series of Georgia kaolins which are be­
lieved to be typical of connnercial clays mined along the Georgia 
Fall line " 
Mi tchell and Henry write in their discussion (16 ) "Morine 
dye tests indicate the presence of s oluble alumina in all of the 
kaolins tested • •.. • •  It would seem, therefore, that the harder 
Georgia kaolins contain more material of the nature of poorly 
crystallized kaolinite, halloysite, or allophane than do the soft 
clays" • 
42 
Further in their discussion t o  give the evidence for the pre ­
sence of some poorly crystallized kaolinites in Georgia kaolin 
clays they state, "The development of an intermediate stage material 
is seen by the presence of many aggregates with crystal outline 
and l ower index of refraction than kaolinite. This material had 
many of the properties of hall oysite alth ough it was not definitely 
identified as such. Further reasons for suspecting the presence of 
halloysite are found in the statements by Ross and Kerr that halloy­
site tends to be richer in alumina than kaolinite. They also found 
in certain kaolin deposits in which halloysite is associated that 
the relation of the two minerals indicate that the first mineral to  
form is the result of its recrystallizatio�'. 
Phosphoric acid : The acid used in the investigation was the 
orthophosphoric acid (H /04
) ;  85%), Specific gravity = 1.7; 
manufac tured by Messrs. Mallincrodt Chemical Works and ob tained 
from Chicago Chemical Company. 
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) . • • • • • • •. •.. • •.• • 1.59% 
Calcium (Cao) •• • • • • • • • • • • • • •• • • •  0.35% 
Iron (Fe2o3 ) •.• • • •• • • • • • • • • • • •• •  0.31% 
Sodium (Na2
o) •• • • • • • • •• • • • • •• •• •  0. 13% 
Potassium (K2
o) . • • • • • • . • • • . . . • • • • 0 . 02% 
100.40% 
Table 1, Chemical analysis of Georgia Kaolin clay (23) 
,f5 
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IV . CLAY CRYSTAL 
1. FORMATION 
Geolog ica lly, clays are composed of various minerals of 
pr imary and secondary orig in, all of which are of comparat ively fine 
or small grain size. Some minerals are often present in gra ins 
which are larger than those of the other minerals, but because of the 
nature of their formation, true clays only infrequently contain 
fragments v isible to the unaided eye. Clays in the ir natural form 
may consist of many different materials, none of which pre dominates. 
There are certain m inerals or classes of minerals which occur in all 
clays and have been termed "clay m inerals." 
Due to agen cies of heat, pressure, and other chemical pheno­
mena, several changes occur under the surface of the earth. Under 
condit ions of h igh temperature and pressure, the feldspar component 
was largely altered to the clay m ineral, Kaol inite. The hydrolysis 
reaction may be expressed simply in the following terms: 
K20 .Al2
o
3 .  
6 Si02 





+ 4 Si02 
+ 2 KOH 
Orthoclase feldspar Kaol in ite S ilica Potash 
Ross and Kerr (1) d is cuss in deta il the nomenclature of the 
Kaoli� m i�erals, and their usage has generally been accepted. 
Accord ing to them •• ' ••• by kaol in is understoo d thertokkmMBs;Jwhich 
is composed essential ly of a clay material that is low in iron and 
usually white or nearly white in color. The kaolin-forming clays 




and it is believed tha t  other bases if present 
represent impurit ies or adsorbed materials. Kaolin ite is the 
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the next sheet, and the layers are there fore held strongly together 
by a multiplicity of hydrogen bonds. 
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The other two closely related clay minerals,namely dickite and 
nacrite, which essentially have the same structure as kaolinite 
except that the stacking of the layers is somewhat different. All 
the above clays occur as more or less hexagonal platelets. 
V .  PREPARATION OF SPECIMEN AND METHOD OF TESTING 
Variables in the evaluation of the effect of phosphoric acid 
on the compaction and shear characteristics of kaolin were mainly 
the percentage of acid admixture and time for curing. These are 




Admixture of phosphoric acid in 
percentage of dry weight of soil 
0, 1, 3, 5, 7, and 9. 
0, 1, 3, 5, 7, and 9. 




2 and 7 days 
For this test the Harvard miniature mold was used. The 
complete assembly is as has been shown in Figure 13. A proportioned 
amount of air drie d clay was mixed with a sufficient amount of water 
and mixing was done with the Lancaster Counter Batch Mechanical 
Mixer as shown in Figure 14, using total mixing time of about ten 
minutes. The clay mixture was then compacted in Harvard miniature 
mold shown left in Figure 15, in three equal layers, each layer being 
compacted by 25 blows by the hannner shown extreme left in Figure 13. 
For the mixture with phosphoric acid, the acid was combined with 
distilled water before adding to the soil for mixing. The compacted 
clay was carefully levrlleH off to the top of the cylinder with the 
straight-edge, the outside of the cylinder cleaned of excess of the 
clay and then weighed. After that the clay was remove d from the 
mold and innnediately a small amount of clay sample was taken from the 
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center of the specimen for moisture determination. The weighed and 
identified moisture sample was placed in the oven for drying. By 
addition of almost two percent--_ in the successive increments. of 
water the test was repeated at least six times until two tests showed 
a decreasing total weight of specimen. From the results obtained in 
the laboratory of dynamic compaction test, points were plotted and a 
smooth curve was drawn as per shown in graph 1. From this curve the 
maximum dry density artd optimum moisture content at the same com­
paction energy was determined. 
TRIAXIAL TEST 
For the triaxial test the clay was oven dried under medium 
heat to keep the chemical character of the clay from changing. At 
room temperature the different amounts of water or premixed water 
and phosphoric acid was added to the clay for mixture. The mixing 
was done in the Lancaster counter batch mixer shown in Figure 14. 
During mixing sufficient water was added to the material to obtain 
a uniform mixture at optimum moisture content. Following the mixing 
the mixture was compacted into the Harvard Miniature mold shown in 
Figure 15, in three layers and each layer was compacted by 25 blows 
by the hammer. Using the other Harvard miniature extraction 
apparatus as shown in Figure 15 center, the specimen was taken out of 
the miniature mold. All such prepared and identified specimens were 
placed in the curing jar at 100% relative humidity for two days and 
seven days respectively as shown in Figure 16. 
At the end of two days and seven days curing respectively, 
all the specimens were tested with the triaxial test machine at 0, 30, 
M AY 6 1  
Figure 1 3 , Comp lete Harvar d Compaction As s emb le 
F i gure 14 , Lancas ter Counter Batch Mixer 
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M AY 6 1  
Figur e 1 5 , Harvard Compaction Mold and Extrusion Devi ce 
M AY 6 1  
F igure 1 6 , Cons tan t Humidi ty Curing Jar 
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Figure 17 , Tr iaxia l  T es t  Machine 
M AY 6 1 
Fi gure 1 8 , Fai l e d  s pecimen in  Tr iaxial  T 2 s t 
and 6 0  pounds per square inch lateral pressure. For each lateral 
pressure three in divi dual specimens were tested an d the plotted 
stress in the graph are the average of the ultimate stresses. 
For this experiment six sets of specimens were prepared with 
0, 1, 3, 5, 7 an d 9 ·percent. _ of the phosphoric acid respectively. 
Each set containe d eighteen specimens of the same p·er cent . · of acid 
a dmixture. The specimens of size of 2. 7 5" height and of 1.25" in 
diameter were prepare d for each individual set and admixture for the 
triaxial test. 
After the triaxial test the broken specimens were oven dried 
to obtain the moisture content of the specimen at the teste d con -
dition. During the heating the temperature was maintained constant 
0 
at a temperaure of 80 C., to prevent clay from undergoing chemical 
change that might occur at higher temperature. 
TRIAXIAL TEST MACHINE 
The triaxial test machine is shown in Figure 17. The cylin -
drical periphary of the specimen was covered with a rubber membrane 
so as to prevent contact with the flui d use d for applying lateral 
pressure. After s �tting up the triaxial apparatus and tying the 
three 5 /6" diameter stainless steel bars at the spacing of 120
°
; 
glycerine was use d inside the cylinder an d the lateral pressure was 
applie d to this flui d of 30  psi and 6 0  psi as the case may be. 
This .pressure was maintained constant during the experiment. The 
stress gage and strain gage were adjuste d an d set at zero an d the 
test was run at the deformation rate of 0.03 inch per minute (1 8) 
until the specimen failed. Figure 1 8  shows a faile d specimen during 
the triaxial test. 
VI o DIS CUSS ION OF RESULTS AND CONCLUSION 
For the support of the results obtained in this investi-
gation, the work done in the same and allied fields by Stout (5), 
Michaels (19) and others is discussed and correlated herein. 
The prime purpose of the presented investigation being to show the 
effect of phosphoric acid on the compaction and shear characteristics 
of kaolin clay. 
Replacement of OH ions, as has been suggested by many authors 
for the phosphate adsorption by kaolinite. Buswell and Dudenbostel 
presented strong evidence based on infra -red adsorption, that this 
can take place and recently McAuliffe and co-workers using duterium -
tagged hydroxyls (i.e., hydroxyl having heavy hydrogen atom), have 
shown conclusively that the OH ions of the clay s urface can enter 
into exchange reaction (1). 
The chemical formula for kaolinite may be written accordingly 
to the sequence of atomic planes as follows: 
03 Si2 (02 ' OH) A l2 (OH) 3 I 03 Si2 (02 , OH) Al2 (OH) 3 
Where the dotted line represents the cleavage plane between 
two neutral kaolinite layers (5). From the chemical formula given 
above, the ratios of the component ions for equal weight of the layer 
lattice may be calculated . 
Structurally, kaolinite crystals are packages composed of 
series of kaolinite layers. In turn, each kaolinite layer is com -
posed of a sheet of hexagona l}y linked silica tetrahedron adjoining 
a sheet of aluminum hydroxyl ions (gibbisite sheet) as presented in 
Figure 19 (a); (figure not to scale).  The lower side of an 
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individual kaolinite layer has a sheet of oxygen ions linked to 
silica ions of the silica sheet while the upper sheet is composed 
entirely of OH ions which are linked to the aluminum ions of the 
gibbisite sheet. 
In kaolinite of the total 1, 550 milli equivalent OH ions pre-
sent in 100 gms of the mineral as computed by Stout in his experiment 
from the chemical equation ; 1162 milli equivalent lie at the 
cleavage planes and 388 milli equivalent are imbedded within the 
kaolinite layer. 
The evidence was shown by Stout ( 5) that high phosphate 
fixation is associated with OH ions at the cleavage planes . Thus 
at pH 3, the kaolinite with 1162 milli equivalent OH ions fixed 
117 0 milli equivalent phosphate . 
In suspensions of ground kaolinite in acid phosphate solu-
tions (particularly in dilute ones) , the reaction is shifted to a 
more alkaline pH which suggests a displacement of OH ions by phos-
phate ions. On the assumption that this displacement removes the 
OH ions at the cleavage planes, an equation for the reaction may be 




The products of the reaction are a phosphated kaolinite and 
water. 
In X-ray studies on phosphated kaolinite Stout ( 5) further 
states that a Po
4 
tetrahedron is the same size as S io
4 
tetrahedron. 
The altitude of the tetrahedron is 4. 8' A
0 
and the diameter of an 
oxygen or OH ion is 2 . 6 A
0
• A replacement of a sheet of OH ion at 
the cleavage plane of kaolinite by a sheet of phosphate tetrahedron 
should therefore , increase the lattice dimensions along C axis by 
4 . 8 less 2 . 6 or 2. 2 A
0 
units. A diagram (not to scale) is given in 
Figure 19b. One kaolinite layer is 7 . 2 A
0 
in thickness . A layer 
of the phosphated kaolinite would therefore be expected to have a 
plane of repetition at 7. 2 + 2. 2  or 9.4 A
0
• 
Since the kaolinite pattern was restored by removing the 
phosphate ions in an alkali solution, it  was assumed that the loss 
of X -ray pattern upon phosphating was due to disruption of the 
kaolinite packages by the substitution of the larger phosphate ions 
for OH ions between each kaolinite layer at the cleavage plane; but 
that the individual alumina silicate sheets composing the kaolinite 
layer were not destroyed by the phosphating and dephosphating pro-
cedure ( 5) • 
Michaels ( 19) also proposed the phosphate fixation in kao-
linite, in his experiment using different types of phosphate solu-
tions. At moderately low pH the edges of kaolinite flakes contain 
positively charged sites which attract anions from the solution and 
are responsible for " edge to face" flocculation in natural or acidic 
solution. These cationic sites evidently result from coordination 
of aluminum ions at the edge with water (rather than hydroxyl ions) 
when hydroxyl ion concentrati�n is low . He further proposed in his 
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work the following mechanisms for deflocculation of� .kaolinite : 
( 1) elimination (via polyanion retention in the double layer) o f  
of  positively charged edge sites (2) replacement of polyvalent by 
monovalent cation in the diffuse double layer associated with the 
platelet faces, (3) adsorption of anions on the platelets faces � 
(4) adsorption of anions on the platelet edges in excess of the 
number of cationic sites initially present . 
Of these four possibilities, the last would have the most 
. potent deflocculating effect, as it would render all parts of the 
particles surface anionic and cause interparticle repulsions for all 
possible configurational positions. 
In Figure 2 0  is shown a section of the kaolinite structure 
with an edge having broken bonds. When the solution mixture of 
water and acid in this·'investigation is added to the clay, phenomenon 
of anion exchange takes place at the edge of the kaolinite structure. 
As has been proposed in the foregoing discussion of anion exchange, 
1- 3- + OH is replaced by P0
4 
ion. The H ion acts as counter ion in the 
s �rrounding water hull. The replaced OH ion with H
+ 
ion helps form 
and increases the outer di ffuse layer, giving rise �o high zeta 
potential. As also the adsorbed phosphate ion having high valency 





creases, the negative charge on the particle, i.e., the charge den-
s i ty of each particle increases. The particles thus become charged 
with high potent ial. Many other particle's in the same pattern get 
highly charged o f  the same negative potential. As proved by Murphy 
(1) that kaolinite has the highest power o f  all other clay minerals 
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for phosphate fixation, the charge dens ity of the particles, however, 
will increase effectively high to prevent build up of any attractive 
forces and as such the phenomenon of deflocculation of the clay 
system may take place. The consequence of the increase of the acid 
admixture will be to show an incremental increase in the cohes ion of  
the clay system. 
Observation of the test results of this research als o  show 
the s ame pattern of incremental increase in cohes ion with increased 
percentage of phosphoric acid admixture. The res ults of this in­
vestigation plotted and represented by graph 5 and 6 clearly show 
that with the decreased angle of fricti on there was increase in 
cohes ion of the clay system as the percentage of acid admixture was 
increased. This, with the support of the foregoing discuss ed works 
of Stout and Michaels,  depicts the created deflocculation of the 
clay system when the acid admixture was added in the clay. De­
flocoulation curtails the increase in the friction angle component 
of the clay strength, which is plaus ible from the obtained results 
i n  this investigation. The rate of decreas·e in angle of friction 
of the clay system as the percentage of acid admixture was increased 
in  the case after seven days of curing was, however, smaller than 
that which was obtained after two days of  curing. This, as shown 
later in the discuss i on, was due to the increased strength of clay 
with longer peri od of curing. The rate of increase in cohes ion of 
the clay system with the increased percentage of acid admixture as 
shown by graphs 5 and 6, however, was nearly the same in both the 
cases of two days and seven days of curing. 
In his studies on def loccu lation of kaolinite with phosphates, 
Michae ls (19) further focuses on a point about the formation of an 
insoluble a luminum phosphate formed in the process of his investi­
gation. He proposes by showing experimental data that there may 
exist in kaolinite clay a limited amount of highly reactive or soluble 
a luminosilicate, providing the strong support to the a luminophosphate 
precipitati on hyphothesis . 
Reference to the use of acidic phosphorous compounds as soi l  
stabilizers in their work Michae ls and Williams (2 0) in discussing 
the effect of phosphoric acid on the compaction characteristics of 






is produced by the reaction of kaolinite with orthophosphate. 
Assuming the reaction of the acid with a lumina, a stoichiometric 
re lation wou ld exp lain the observation: 
For the final cementation, Michae ls and Wi l liams a lso suggest 
a two step reaction process : fir�t a reaction of the acid with the 
soi l component to form an intermediate non- cementing compound, and 
second a gradual conversion of this intermediate compound into 
cementitious product. Citing Michae l ' s  proposal of his individual 
work (19) , that the formation of final ins oluble cementing compound 
of a luminum phosphate takes p lace in defloccu lation of kaolinite 









shown by Michae ls and Wil liams (20) as 
an intermediate cementing material, a stoichiometric re lation of the 
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(kaolinite) 
Where aluminum phosphate AlP0
4 
is the final cementing material . 
In view of their study by Ohled, Hindin, and Mi lls (21) , of 
the isotropic change between H
2
0 and silica-alumina crystal at 
cracking condition, they state that the surface activity o f  alumina-
silica crystal depends upon the ability of the aluminum ion to under-
go a reversible change. So to undergo a physico-chemical change, 
alumina ion shall have preference to silica ion. The stated pro-
posal of active role of alumina in final cementing material is plausible. 
During phosphate fixation in kaolinite the above mentioned 
stoichiometric exchange may take place to form an insoluble complex 
salt o f  aluminum phosphate by anion exchange process of  OH by P0
4 
near the position of  aluminum octhedron. To which " . . .  Inasmuch as 
both alumina and silica are soluble in phosphoric acid it might be 
expected that complex compounds of phosphorous, alumina, silica, and 
oxygen, possibly in hydrated forms, are the major agents in the 
cementing mechanism •. .  " the cbove postulated statement at M . I .T o (13) 
investi gation gives support to the proposal that the formation of 
aluminum phosphate may be reasonably satisfactory stoichimetric re-
lation to believe for the insoluble complex salt formation. 
It has -been shown by the M . I .T . investigation (13) that the 
e ffectiveness of phosphoric acid as a stabilizer is very much 
dependent on molding water content, strength being high at optimum 
moisture for compaction and dropping off rapidly with increasing 
water content . Observations from this study (refer graph no. 2) also 
show the same pattern of increase in density with decrease in water 
content as the acid percentage is still increased. This also gives 
support to the proposal of formation of hydrated insoluble complex 
of aluminum phosphate which at water content more than optimum when 
acid is added to the clay may tend to give the decrease in compressive 
strength along with decrease in density. 
When the particles in the compacted clay are oriented in 
parallel which is also the ultimate formation in deflo cculated 
system due to compaction, the void ratio of the clay decreases, and 
as such the compacted particles together form to give higher dry den­
sity. The specific gravity of phosphoric acid being higher than water 
and the percentage of acid is being increased, while there is no re­
lative decrease in the amount of water, it is plausible to get an in­
crease in dry density of the clay as the percentage of phosphoric 
acid is increased. Ttte , ,effect of different ·percentages of acid 
a dmixture against the dry density and water content has been repre­
sented by graph number 2 shown on page 80. The dry density of the 
clay was increased as the acid concentration was increased, on the 
other hand the optimum water content was decreased. 
The increase in cohesion of the clay system with increased 
percentage of the acid admixture in this experiment depicts the created 
deflocculation of the clay. Deflocculation should curtail the in­
crease in the frictional component of the clay strength and which has 
also been shown in the f oregoing discussion. Observation of data 
in table 5 however, indicates an increase in shear strength of the 
clay mixture. In the equilibrated conditions of this laboratory 
experiment, against one created repulsive force 'R ' (Figure 9) due 
to deflocculation, there work the secondary van der Waa ls forces in­
creased by the close spacing of particles created by the mechanical 
c ompaction which reduced the diffuse layer distance of the clay 
particles. Strength gain may be attributed also to  the force due to 
c ontact pressure ' I' (Figure 9 )  and the frictional force thereby 
made available finally increases large in strength may be attributed 
to the formation of the cementing complex salt of aluminum phosphate 
between the clay particles as proposed in the foregoing discussion. 
Evidence is also given referring the secti on III of - the material 
used - in this work that in Georgia kaolin to some extent t here is 
present a poorly crystallized or highly reactive free aluminum­
silicate portion. This portion may help to f orm the proposed 
cementing material to great percentages giving more strength to  
the clay. This ultimately favors the conditions for the increased 
strength in the clay giving evidence to the ob served results of the 
increased shear strength of the clay in this research. The results 
of the increased shear strength of the clay with increased per­
centage of acid a dmixture are shown in graph number 3 and 4. 
Comparison of two days and seven days cure at 100% relative 
humidity indicates that compressive strength (table 5) increases 
significantly in this time of interval, and al s o  appears to c ontinue 
to increase with age. The rate of strength increases with time, 
evidently is greater for the higher phosphoric acid concentration � 
This strength is undoubtedly due to the significantly higher corn-
pacted density of the samples of high percentage of phosphoric acid 
3 3 
(109.8 lbs. /ft. , compared to 98. 1  pounds/ft. ) ,  (Table 2, graph 2) , 
for plain clay at optimum water content and the continued growth of 
aluminum phosphate crystals. 
Much experimental data has been reported regarding the in-
crease in strength of a clay by allowing more curing period (2 2) . 
It may be suggested that the increased structural strength in a clay 
with elapse of time may be due to the development of preferred 
orientation of molecules and the squeezing of the diffused double 
layer water between fine particles of the clay. As referred to in 
Figure .. 8, the double layer water on kaolinite particle due to the 
squeezing may give rise to the contraction of the diffuse layer. This 
decreases the zeta potential and reorientation of the particles may 
reinforce the attractive secondary valence or van der Waals forces 
between the clay particles increasing the strength of the clay. 
More allowance time of curing may help form the complete precipi-
tation of growing cementing material between the clay particles (time 
of curing in this investigation, however, is not sufficient long to 
be considered evidence) , which will also help to increase the strength 
_ of the clay. 
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CONCLUSION 
1. Phosphoric acid appears to be an effective stabilizer of 
fine grained aluminum-silicate clays at concentration between one and 
nine percent of dry weight of the clay. 
2. Addition of phosphoric acid increases the dry density of 
the clay. Phosphoric acid functions as a dispersant when added to 
the clay, permitting static compaction of the clay to higher densi­
ties than is possible with the clay alon� at the corresponding water 
content. ·A flocculated sediment is ·very loose, that is, it has a 
low density. This means that the colloids cannot be packed in para­
llel arrangement as this efficient packing would give a high density. 
As such the deflocculated system of clay of this investigation gave 
the higher density. 
3. Evidently, the stabilization mechanism appears to be due 
to the interparticle cementations resulted from the partial 
solubilization of alumina as a complex phosphate followed by the for­
mation of insoluble cementing material like aluminum phosphate at 
the point of contact between the clay particles. As the percentage 
of the acid admixture increased, with more available free alumino­
silicate present in the clay a formation of high degree cementation, 
showed the increased compressive and shear strength of the clay. 
4.  The cohesion of the clay was also increased with de­
c reasing angle of friction, when the percentage of acid admixture 
increased. This can well be inferred by the process of deflocculation 
proposed in our discussion. 
5. The curing process is characterized by an increase in 
strength of the stabilized clay with increased t ime of curing. 
This was due to the continued growth of cementing material of 
aluminum phosphate with more lapse of time. 
RECOMMENDED FURTHER STUDY 
1. Increase in dry density with increase in compressive 
and shear characteristics of the clay can be believed as reliable 
index of the solidifying ability , but is se ldom adequate to 
establish definitely the suitability of an additive for field use. 
Knowledge , therefore, of the resistance of phosphoric stabilized 
clays to shock loading, protracted with water, cyclic freezing and 
thawing, and cyclic wetting and drying is needed before the true 
potentialities of this stabilized system can be thoroughly es­
tablished. 
2. Permitting more time of curing and with certain time 
for innnersion in water of the clay or a soil sample, for the study 
of the effect of phosphoric acid on the compaction and shear 
characteristics of some hard clay or soil (instead of soft clay 
like kaolin) is further reconnnended. 
APPENDIX - A -
Moisture con tent and dry densi ty of clay with 
differen t percentages of phosphoric acid. Table 2, 
showing the results of compaction test and table 3 




Acid Adm ixture 
Moisture Dry 
% in Weight 
Content Density 
in % Lbs. /Ft. 
0% 22.1 9 8.1 
1% 21.5 100  .2 
3% 2 0. 8  102 . 8  
� 
5% 2 0.1 105 . 3  
7% 19 .. 5 106.9 
9% 18.5 109 . 8  
Table 2, Optimum Moisture Content and Max imum 
Dry Density w ith In crement Per centage 
of Phosphoric Acid Admixture 
3 
Additive 




Wej: Weight Dry Weight 
in Gms . in Gms . Dry 
2 days 7 days 2 days 7 days Density 3 4fa curing curing curing curing Lbs . /ft . 
OPTIMUM MOISTURE CONTENT = 
1 108 . 72 - - 84 . 60 - - 1 0 0 . 1 8  
2 108 . 83 - - 84 . 7 5 - - 1 0 0  .2 0 
3 108 . 63 - - 84 .4 7 - - 1 00 . 17 
4 107 . 9 8  - - 84 .23 - - 99 . 7 5 
5 1 08 .32 - - 84 . 3 7  - - 100 .2 1 
6 108 . 6 1  - - 84 . 6 1  - - 100 .22 
7 108 . 08 - - 84 . 03 - - 99 . 88 
8 1 08 . 52 - - 84 . 37 - - 100 .23 
9 108 . 37 - - 84 .4 7 - - 1 00 .24 
1 - - 108 . S f  - - 84 . 5 8  100 .27 
2 - - 1 08 .4� - - 84 . 5 1  100 . 1 8 
3 - - 1 08 . 5 ]  - - 84 .43 100 .24 
4 - - 1 07 . 82 - - 83 . 87 99 . 5 6 
5 -- 108 . IE  - - 84 . 2 8 100 . 1 5  
6 - - 108 . 68 - - 85 . 63 100 . 1 8 
7 - - 108 . 7 3 - - 84 . 62 100 . 1 8  
8 - - 108 . 5 1  - - 84 . 5 1  100 . 17 
9 - - 1 08 .4 8 - - 85 . 53 100 .22 
Table 3, Dry density and moisture content of 





22 . 10 
22 . 1 5 
22 . 1 7 
22 .2 1 
22 . 0 1 
22 . 10 
22 . 12 
22 .23 
22 .2 1 
22 . 03 
22 . 12 
22 . 13 
22 . 19 
22 .2 1 
22 . 1 0 
22 . 18 
22 .2 1 
22 . 1 1 
22 . 0 8  
Ad dit ive 
























Wet We ight Dry Weight 
in Gms. in Gms. Dry Moisture 
2 days 7 days 2 days 7 days Density 3 
Content 
curing curing curing cur in� Lbs. /Ft. in % 
108.26 - - 84.96 - - 100. 81 21.51 
108 .21 -- 85.03 - - 100. 79 21.49 
107 . 18 - - 84. 14 - - 99. 89 21.52 
108.32 - - 85.02 - - 100. 80 2 1.50 
108.08 - - 84. 83 - - 100'. 77 21.4 8 
108.2 8 - - 84.98 - - 100.02 21.51 
107.20 - - 84. 10 - - 99 .90 21.50 
108.48 - - 85.08 - - 100. 81 21.53 
108.35 - - 85.05 - - 100. 82 21.49 
- - 108.51 - - 85.26 100. 79 21.41 
- - 108. 63 - - 85.32 100. 81 21.47 
- - 108.58 - - 8_5 .• 2-� 100. 78 21.51 
- - 108 .23 - - 85.9 8 100. 73 21.49 
- - 108 .40 - - 85.10 100. 80 2 1.47 
- - 107 .18 - - 84.05 99.97 2 1.51 
- - 108 .21 - - 84.9 1 100. 78 2 1.52 
- - 108. 16 - - 84. 86 100. 80 2 1.48 
-- 108 .08 - - .84 .. 8"[ 100.71 2 1.48 
Table 3, Dry density and moisture content of 




























Wet Weight Dry Weight 
in Gms . in Gms . Dry 
2 days 7 days 2 days 7 days Density 
3 
curing curing curing curing Lbs . /Ft . 
109 .32 -- 8.6 ,�l - - 1 02 .51 
109 .97  -- 86 . 85 - - 1 02 .52 
109 .15 - - 86 . 37 - - 1 02 .49 
108 . 88 - - 86 .26 - - 101 .98  
1 09 .3 1 - - 86 . 56 - - 1 02 .51 
1 09 .49 - - 86 .49 -- 1 02 .53 
1 09 .20 - - 86 .42 - - 1 02 .49 
111 .18 - - 88 . 08 - - 103 . 01 
109 .53 - - 87. 75 - - 1 02 .51 
-- 109 . 18 - - 86 .3 8 102 .48 
-- 109 .32 - - 86 .62 102 .47 
- - 109 . 09 - - 86 .39 102 .51 
- - 108 . 83 - - 86 .18  101 . 87 
- - 109 .58 - - 87. 78 102 .51 
- - 109 . 31 - - 86 .61 102 .50 
- - 109.48 - - 86 . 73 102 .51 
- - 110 . 39 - - 87 .44 103. 32 
- - 109 . 56 -- 87 . 76 102 .48 
Table 3 ,  Dry density and moisture content of 
stabilized clay after 2 days and 7 




20 . 81 
20 . 78 
20 . 82 
20 . 79 
20 . 80 
20 . 82 
20 . 81 
20 . 78 
20 . 77 
20 . 82 
20 . 79 
20 . 81 
20 . 82 
20 . 81 
20 . 7 7  
2 0 .79 
2 0 . 80 
2 0  . 82 
Additive 
























Wet Weight Dry Weight 
in Gms. .in (ms. Dry 
2 days 7 days 2 days 7 days Density 3 
curing curing curing curing Lbs. /Ft. 
111. 83 - - 89.43 - - 105.18 
111.9 8 - - 89. 56 - - 105  .17  
111.2 8 - - 88.92 - - 1 04.81 
11 2 .02  - - 89. 52 - - 105 . 19 
111.81 - - 89.49 - - 105.1 5 
111. 72 - - 89. 52  - - 105.13 
110.83 - - 88.63 - - 1 04.6 0 
112.13 - - 89. 53 - - 105.20  
112.03 - - 89. 53 - - 105.21  
-- 112.1 8 - - 89.58 105 .11 
-- 111. 97 -- 89.52 105.1 8 
-- 112 .20 - - 89. 80 105.20 
-- 111.82 - - 89.42 105.1 8 
- - 111.90 -- 89.48 105.22 
-- 112 .10 - - 89.45 1 05 .19 
-- 111.98 -- 89.48 1 05 . 17 
- - 111. 20 - - 88.80 104.70 
- - 112 . 02 - - 89.47 105 . 13 
Table 3, Dry density and moisture content of 
















































. h Wet Weig t . h Dry Weig t 
in Gms . in Gms. Dry 
2 days 7 days 2 days 7 days Density 
3 
curing curing curing curing Lb .s /Ft . 
11 3.02 - - 90 .92 - - 106 . 61 
112.91 - - 91 .94 - - 106.63  
1 12 . 76 - - 90 . 81 - - 1 0 6  .59 
113 .01 - - 90.9 1 - - 106. 60 
112 . 82 - - 90 . 8·2 - - 106.58 
112 .91 - - 90 .91 - - 106. 61 
111 .9 3 - - 90 . 1 8  - - 105.20 
112 .76 - - 90 . 76 - - 106. 64 
112 . 62 - - 90 . 77 - - 106.57 
- - 112. 82 - - 9 0 . 82 106 . 62 
- - 112 . 6 3  - - 9 0.78 106 .59 
- - 111. 87 -- 9 0 .02 105. 39 
- - 112. 61 - - 90. 76 106.58 
- - 112 .42 - - 9 0.55 106 .59 
- - 112 . 87 - - 90 . 87 106 .58  
- - 111 . 78 - - 90.96 105 . 82 
- - 112 .02 - - 90. 19 105. 90 
- - 112.21 - - 90. 36 106 .21  
Table 3 ,  Dry density and moisture content of 





















1 9 .50 
19.49 
Additive 



































































in Gms. Dry Moisture 
2 days 7 days Density 
3 
Content 
curing curing Lbs. /Ft. in % 
93 . 56 - - 109 .53 18.53 
9 3. 56 - - 109.51 18.51 
93.33 - - 109.54 18.12 
93. 57 - - 109. 53 18. 52 
93. 30 -- 109. 52 18.50 
93.29 -- 109.51 18.53 
92.98 -- 108.58 18 .47 
93.51  -- 109.48 18.49 
92.80 -- 1 09.51 18.51 
- - 93 .46 1 09.51 18.48 
- - 93.57 1 09.50 18 .50 
- - 9 3.6 5 1 09.48 18 .51 
- - 9 3.51 1 09.48 18.47 
- - 92.93 1 08.6 0 18.49 
- - 9 3.75 1 09.51 18.51 
- - 9 3  .75 1 09.50 18.50 
- - 9 3  .32 109.47 18.45 
- - 9 3.71 109.54 18.49 
Table 3, Dry density and moisture content of stabilized 
clay after 2 days and 7 days curing. 
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(ii) Water Content 
7 9 
Gli.AFH 2 ,  PERCENT H3PO 4 
(i) PERCENT ACID AGAINST DRY DENSITY 



























Compressive and Shear Strength 










FAILURE STRESS CONDITION 
LATERAL PRESSURE STRAIN AT FAILURE 
ifo 2 days 7 days 
curing curing TEST AVERAGE 
1 0 psi - - 4 8  
2 0 psi - - 51 52 
3 0 psi - - 55 
1 30 ps-i - - 117 
2 30 psi - - · 123 1 2 0  
3 30 psi - - 119 
1 60 psi - - 191 
2 60 psi - - 186 1 85 
3 60 psi - - 171 
1 0 psi 53 
2 - - 0 psi 58 5 7  
3 - - 0 psi 61 
1 - - 30 psi 132 
2 - - 30 psi 131 132 
J - - 3 0  psi 134 
1 - - 6 0  psi 194 
2 - - 6 0  psi 196 197 
3 - - 6 0  psi 2 00 
�able 4, Results of triaxial compression test 
on stabilized clay after 2 days and 


































FAILURE S '  ,RESS l:ONDITTON 
LATERA.L_BRESBDRE STRAIN AT FAILURE 
2 days 7 days 
curin2 curin2 TEST AVERAGE 
O'.. ,ps L_ - - 50 
. 0 psi -- 55 5 5  
O ps i - - 59 
30 psi - - 131 
30 psi - - 125 12 6 
30 psi - - 121 
60 psi - - 1 85 
60 psi -- 197 191 
60 psi - - 190 
- - O psi 6 7  
- - O psi 60 62 
- - O psi 58  
- - 30 psi 146 
- - 30 psi 141 141 
-, - 30 psi 13 7 
- - 60 psi 203 
- - 60 psi 216 210 
- - 60 psi 209 
. Table 4, Results of Triaxial compression test 
on stabilized clay after 2 days and 


































FAILURE STRESS CONDITION 
LATERAL PRESSURE STRAIN AT FAILURE AXIAL 
2 days 7 days STRESS 
curing curing TEST AVERAGE IN PSI 
0 psi - - 62 
0 psi - - 6 7  6 7  6 0  
0 psi - - 73 
30 psi - - 140 
30  psi - - 135 1 36 141 
30 psi - - 132 
6 0  psi - - 209 
6 0  psi - - 199 2 01 205 
6 0  psi - - 19 5 
- - 0 psi 6 9  
- - 0 psi 74 75 69 
- - 0 psi 79 
- - 30 psi 149 
- - 30 psi 153 154 151 
- - 30 psi 16 0 
- - 60 psi 219 
- - 6 0  psi 226 226 219 
- - 60 psi 232 
Table 4, Results of Triaxial compression test on 
stabilized clay after 2 days an d 7 days 
curing 
Additive 




















FAILURE STRESS CONDITIONl'. 
LATERAL �RES SURE STRAIN AT FAILURE AXIAL 
2 days 7 days STRESS 
curing curing TEST AVERAGE IN PSI 
0 psi - - 88 
0 psi - - 81 81  69 
O psi - - 75 
30 psi -- 153 
30 psi - - 151 151 147 
30 psi - - 149 
60  psi -- 218 
6 0  psi - - 213 217 210 
6 0  psi - - 220 
- - 0 psi 95 
- - 0 psi 9 0  9 1  85 
- - 0 psi 87 
- - 30 psi 174 
- - 30 psi 180 175 172 
- - 30 psi 172 
-- 60  psi 240 
- - 6 0  psi 248 241 232 
-- 6 0  psi 235 
Tabl e 4, Results of triaxial compr es sion test 
on stabilized clay after 2 days and 
7 days curing 
A dditive 

























2 days 7 days 
curing curing 
0 psi - -
0 psi - -
0 psi - -
3 0  psi - -
3 0  psi - -
30 psi - -
60  p si - -
60 p si - -
60 psi - -
- - 0 psi 
- - 0 psi 
- - 0 psi 
- - 30 psi 
- - 30 psi 
- - 30 psi 
- - 60 psi 
- - 60 psi 
- - 60 psi 
STRESS CONDITIONC. 


















2 6 7  
262 
AVERAGE 















1 7 0  
236 
Table 4, Results of triaxial compression test on 










FAILURE STRESS CONDITION 
LATERAL PRESSURE i STRAIN AT FAILURE AXIAL 
2 days 7 days STRESS 
ifo . curing curing TEST AVERAGE IN PSI 
1 0 psi - - 11 8 
2 0 psi - - 12 1 121 92 
3 0 psi - - 123 
1 30 psi - - 1 89 
2 30 psi - - 184 1 88 156 
3 30 psi -- 192 
1 60 psi -- 255 
2 60 psi - - 257 257 224 
3 60 psi -- 26 1 
1 -- 0 psi 129 
2 -- 0 psi 127 130  106 
3 -- 0 psi 13 3 
1 - - 30 psi 220 
2 -- 30  psi 212 2 15 175 
3 - - 3 0  psi 214 
1 -- 60 psi 291 
2 -- 6 0  psi 286 2 85 241 
3 -· 6 0  psi 2 79 
Table 4, Results of triaxial compr ession test on 










LATERAL 2 Days Curin 2; 
P�SSURE 0 � c s = c + CS- tan 
IN PSI fn Degrees in PSI PSI 
0 2 7  40 13 33 .041 
30 27 1 30 13 79.40 
60 27 1 9 7  1 3  113.60 
0 26 51 16 36.4 82 
3 0  26 1 36 16 82.40  
60 26 2 00 16 113.60 
0 24.5 6 0  19 46.3 0 
3 0  24.5 141 19 83.3 0 
6 0  24.5 205 19 112.6 0 
0 22.5 6 9  24 52.60 
3 0  22.5 14 7 24 
. . 85.00 
60 22.5 21 0 24 111.20 
0 23.0 81 2 7 61.40 
3 0  2 3.0 150 2 7  9 0.60 
60 2 3.0 220 2 7  120.0 
0 2 0.5 92 32 60.40 
30 20.5 156 32 9 0.40 
60 20.5 224 32 115. 70 
Table 5, Shear Strength with different per­














LATERAL . 7 days curing 
PRESSURE � <, S = c + (; tan � 
IN PSI in Degrees in PSI c 
0 
3 0  
6 0  
0 
3 0  
6 0  
0 
3 0  
6 0  
0 
3 0  
6 0  
0 
3 0  
60  
0 
3 0  
6 0  
2 8  50 14 ..  5 
28 140 14. 5 
2 8  209 14. 5 
27  59 19.0  
2 7  145 19.0  
27  213 19.0 
2 5  69 24 . 0  
2 5  151 24.0 
25 219 24. 0 
26 85 24.0 
26 172 24. 0 
26 232 24. 0 
24 96 3 1. 0  
24 170 3 1. 0  
24 236 3 1. 0  
23 106 3 5. 0  
23 175 3 5. 0  
23 241 35. 0  
Table 5, Shear Strength w ith different 
percentages of phosphoric acid 





49. 5  
93 .2 
128.2 
56 . 1  
94.4 
126. 2 
65. 5  
108 .2 
13 8.2 
73. 8  
106. 7 
141.0  
80 . 0  
1 09.3 0 
137.30 
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Mohr Circle diagrams of triaxial compression 
test results. 
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